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Summary
X29, a 25 kDa Nudix hydrolase from Xenopus laevis
that cleaves 50 caps from U8 snoRNA, crystallizes as
a homodimeric apoenzyme. Manganese binds crystals
of apo-X29 to form holo-X29 only in the presence of
nucleot(s)ide. Structural changes in X29 on nucleo-
t(s)ide-assisted Mn+2 uptake account for the observed
cooperativity of metal binding. Structures of X29 with
GTP or m7GpppA show a different mode of ligand
binding from that of other cap binding proteins and
suggest a possible three- or four-metal Nudix reaction
mechanism. TheX29 dimer has no knownRNAbinding
motif, but its striking surface dipolarity and unique
structural features create a plausible RNA binding
channel on the positive face of the protein. Because
U8 snoRNP is essential for accumulation of mature
5.8S and 28S rRNA in vertebrate ribosome biogenesis,
and cap structures are required for U8 stability in vivo,
X29 could profoundly influence this fundamental cel-
lular pathway.
Introduction
Eukaryotic ribosome biogenesis requires assembly
of precursor rRNA with factors that associate stably
(i.e., ribosomal proteins) or transiently (helicases, endo-
nucleases, exonucleases, and the snoRNPs) (Venema
and Tollervey, 1999; Warner, 1990; Woolford, 1991).
Together, these factors carry out processing and modi-
fication events, most of which probably occur cotran-
scriptionally. Whereas most of the small nucleolar ribo-
nucleoprotein particles (snoRNP) function as ‘‘guide
RNAs’’ to direct site-specific modifications of pre-
rRNAs (Peculis, 1997; Peculis and Mount, 1996; Wein-
stein and Steitz, 1999), a handful of snoRNPs, including
U8 snoRNP, mediate pre-rRNA cleavage steps (Maxwell
and Fournier, 1995; Peculis and Steitz, 1993). Maturation
of the large ribosomal subunit RNAs (5.8S and 28S
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nucleolar RNA (snoRNA) component of the U8 snoRNP
is independently transcribed by PolII (Peculis et al.,
2001), has a hypermethylated 2,2,7-trimethylguanosine
(m227G) 50 cap (Peculis and Steitz, 1993; Tyc and Steitz,
1989), and encodes the canonical Box C and Box D se-
quences that together form a K turn (Watkins et al.,
2000), which is required for binding the four core C/D
box proteins: snu13/15.5 kDa, fibrillarin (Nop1 in yeast),
Nop56p, and Nop58p (Watkins et al., 2002).
We previously reported that X29 protein binds U8
snoRNA with high affinity and specificity (Tomasevic
and Peculis, 1999). X29 has a sequence motif character-
istic of the Nudix hydrolase enzyme family, whose
members catalyze hydrolysis of small nucleot(s)ides
(Bessman et al., 1996; Ghosh et al., 2004; Mildvan
et al., 2005). In vitro, X29 removes 7-methylguanosine-
50-diphosphate (m7GDP) and m227GDP from the 50 end
of U8 snoRNA in a metal-dependent manner (Ghosh
et al., 2004), consistent with its classification as a Nudix
hydrolase (Figure 1). The cap-cleaving activity of X29 is
similar to the cytosolic human mRNA decapping enzyme
hDcp2, which also carries a Nudix domain essential for
decapping activity (Wang et al., 2002). Dcp2 releases
m7GDP from capped, deadenylated mRNA, leaving 50-
monophosphorylated mRNA, which is a target for deg-
radation by exonucleases. In yeast, Dcp2p appears to
be the catalytic component of a complex with Dcp1p
(She et al., 2004) and probably several other proteins.
A ‘‘scavenger’’ cap-cleaving enzyme, DcpS, releases
m7GMP from terminal products of capped mRNA that
has been degraded from the 30 end, leaving 50-diphos-
phate caps or mRNA fragments. DcpS has no Nudix do-
main and its structure (Gu et al., 2004) is unrelated to
X29. X29 was the first nuclear decapping enzyme to be
identified and characterized, and its tight association
with U8 snoRNA implies a unique role in the in vivo sta-
bility of U8 and possibly other small nuclear RNAs.
We report here the crystal structure of X29 in its apo-
(no bound metal) and holo- (with bound Mn+2) forms. We
have also determined the structures of the X29 homo-
dimer in complex with GTP (pppG) and m7GpppA, which
correspond to part or all of the 50 terminus of U8 snoRNA,
respectively. These structures confirm that X29 has the
characteristic Nudix fold that we previously inferred
from sequence data and functional biochemical analy-
sis. However, the structure of X29 shows extensions of
surface loops and chain termini and a highly dipolar sur-
face charge distribution that distinguish it from the struc-
tures of Nudix enzymes specific for small substrates.
X29 crystals require the presence of a nucleot(s)ide for
metal binding, and in its complex with m7GpppA, X29
has three or four Mn+2 in each active site of the dimer.
Mn+2 binding to X29 is cooperative and the structural
basis for the requirement of nucleot(s)ide for metal bind-
ing to occur and the cooperativity of this binding can be
understood from the structures described here. The
Mn+2 positions in the X29-m7GpppA complex structure
suggest that the metals function both in substrate bind-
ing and catalysis through a mechanism similar to that
Structure
332Figure 1. Overall Reaction Catalyzed by X29hypothesized for other Nudix hydrolases (Mildvan et al.,
2005). These results further expand the repertoire of Nu-
dix hydrolase specificity and function (Gabelli et al.,
2001) and show how this versatile family of enzymes
has evolved structurally and mechanistically to play
a role in RNA metabolism.
Results
Structure of Apo-X29
The crystal structure of apo-X29 was determined to 2.1
A˚ resolution with multiple isomorphous replacement
from three soaked heavy atom derivatives with anoma-
lous dispersion data from one of these (see Experimen-tal Procedures). Electron density near the amino termi-
nus is broken at several places in the A monomer, but
mostly contiguous in the B chain; both monomers lack
electron density for the first 17–18 amino acids.
The asymmetric unit of apo-X29 consists of a homo-
dimer of X29 monomers which are virtually identical in
backbone conformation and show the expected Nudix
fold. Each X29 monomer consists of two domains
(Figure 2A, gold and green) of comparable size defined
by noncontiguous polypeptide segments. One domain
(gold) carries the Nudix motif (Figure 2B, red) and the
other domain (Figure 2A, green) contributes most of
the monomer-monomer contact interface and presents
three surface extensions (Figure 2B, magenta) that areFigure 2. Polypeptide Backbone Folds and
Features of X29 and Relationship to Other
Nudix Hydrolases
(A) Ribbon diagram of the X29 dimer viewed
down the noncrystallographic dyad axis
showing the two domains (gold and green)
in each monomer. The gold domain carries
most of the functional groups of the active
site and the green forms the interface of the
monomers and provides surface extensions
that define one side of the putative RNA bind-
ing channel of the opposed monomer.
(B) Ribbon diagram of the X29 dimer showing
the Nudix motif (red) and the loop and car-
boxy-terminal extensions (magenta) that de-
fine one side of the RNA binding channel of
the opposite subunit and distinguish X29
from other Nudix hydrolases.
(C) Backbone ribbon diagram of the X29
monomer (cyan) overlaid on that of diadeno-
sine tetraphosphate hydrolase (RCSB acces-
sion number 1KTG) (brown) from Caenorhab-
ditis elegans showing the extensions in X29
(magenta and in [B]) projecting beyond those
of 1KTG.
(D) Sequence alignment of Nudix domain se-
quences for dimeric Nudix hydrolases of
known structure (RCSB accession numbers
on left). Conserved residues matching the
Nudix motif are highlighted in gold. Sequence
numbers for each Nudix domain are shown at
the beginning and end. Arrow and helix (red)
show strand and helix of the Nudix motif sec-
ondary structure displayed in red in (B).
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333Figure 3. Surface Charge Distribution of Opposite Faces of X29
Blue indicates regions of positive surface charge and red indicates negative, contoured at6 5kt cutoff, respectively. Overlaid ribbon in (C) shows
extensions (black arrow pointers) that define the two sides of the inferred RNA binding channel, which is indicated by yellow arrows. Active sites
of each monomer are occupied by m7GpppA (gold and green ball-and-stick). Views are down the dyad axis.unique to X29 relative to other Nudix hydrolases. The
X29 monomer fold resembles that of other Nudix hydro-
lases as shown in Figure 2C. The X29 backbone (cyan)
has a closely similar fold to AppppA Nudix hydrolase
(Research Collaboratory for Structural Bioinformatics
[RCSB] accession number 1KTG) from C. elegans
(brown) (Bailey et al., 2002), with the conspicuous ex-
ception of the surface extensions (magenta). X29 shows
less congruence with other Nudix hydrolase structures.
Although they share a similar fold, the Nudix hydrolase
structures show variable degrees of congruence and
correspondence of secondary structure elements
among their main chains, except for the Nudix motif of
about 22 residues, which is highly conserved in struc-
ture. However, even this conserved motif shows only
weak primary sequence similarity among members of
this protein family (Figure 2D).
The X29 Dimer Interface and Surface Charge
Distribution
The X29 monomers are associated across an extended
contact surface of about 2500 A˚2 mediated by a trans-
subunit b sheet and multiple hydrogen bond and hydro-
phobic contacts (Figure 2A). These intermonomer inter-
actions are unique among known dimeric Nudix struc-
tures, which show wide variation in the locations and
types of their interfaces. The Mn+2 and cap binding func-
tional groups (see below) of each active site lie in one
monomer chain, with the exception of Phe49, which is
contributed from the opposing monomer of the dimer.
A striking feature of the X29 dimer structure is a strong
dipolarity of surface charge (Figure 3). The long axes of
the positively and negatively charged zones on each
face are oriented approximately perpendicular to each
other. The two active sites of the homodimer each lie
near the boundary between these two oppositely
charged surfaces and are related by the local dyad
axis centered perpendicular to the charged face. The
RNA substrate bound in the active site is inferred to lie
on the positively charged face (Figure 3C, yellow ar-
rows), and this inference is consistent with the orienta-tion of the m7GpppA ligand observed in each active
site (see below).
Metal Binding to Apo-X29 in the Presence
of m7G Nucleot(s)ides
There is no electron density for metals in the structure
determined for recombinant X29 (apo-X29) from crystals
grown in the absence of added metal. Soaks of apo-X29
crystals in solutions of Mn+2, Mg+2, alkali, alkali earth,
transition metals, or lanthanides at concentrations up
to 30 mM failed to yield detectable binding in these sites.
The active site of each of the monomers in the asymmet-
ric unit is fully accessible and not obstructed by any
crystal contacts. Variation of pH of the soak solution
from pH 6.0 to 9.0 did not induce metal binding. How-
ever, in the presence of m7GTP, m7GDP, and m7G, we
were able to confirm binding of Mn+2 (added as MnCl2)
in anomalous difference Fourier maps (see below). Sur-
prisingly, none of the 2mFo2 dFc or mFo2 dFc maps for
these structures showed electron density for the nucle-
ot(s)ide. For the m7GTP and m7GDP soaks with Mn+2,
additional density within bonding distance of the Mn+2
atoms in all but one of the subunits was interpreted as
pyrophosphate, which was found to be a significant im-
purity (5%–10% by weight) in the m7G nucleotides (but
not the m7G nucleoside) used in the soaks.
Each active site of the X29 dimer in these complexes
has two or three Mn+2 atoms, but there is variation in
the Mn+2 positions among the different structures (Table
1; Figure 4A). In the case of monomer A of the m7G +
Mn+2 soak, the two anomalous density peaks are too
close to be present simultaneously and are inferred
to be conditionally occupied sites. The ligands for the
bound Mn+2 are the carboxylates of three glutamates
(Glu89, Glu92, and Glu93) and the peptide carbonyl ox-
ygen of Gly72 in the Nudix motif plus the carboxylate
of Glu150. In the Mn+2 complexes formed in the pres-
ence of the two nucleotides (m7GDP and m7GTP), the
putative pyrophosphate groups coordinate Mn+2
through their oxygens. The carboxylate ligands and
the pyrophosphate coordinate Mn+2 pairs through both
Structure
334Table 1. Crystal Structures of X29
Name Soaking Conditions Resolution (A˚)
Ligands Present in Subunit
A B
Native (apo) — 2.10 — —
Holo-(m7G) m7G + Mn+2 2.70 2a Mn+2 3 Mn+2
Holo-(m7GDP) m7GDP + Mn+2 2.60 3 Mn+2, PP 2 Mn+2
Holo-(m7GTP) m7GTP + Mn+2 2.45 3 Mn+2, PP 2 Mn+2, PP
pppG complex pppG + Mn+2 2.41 4 Mn+2, GTP 4 Mn+2, GTP
m7GpppA complex m7GpppA + Mn+2 2.10 4 Mn+2, m7GpppA 5b Mn+2, m7GpppA
a Conditional occupancy of these two sites.
b Two pairs of Mn+2 with conditional occupancy.single oxygen and bridging interactions. The carboxyl-
ates of Glu89, Glu93, and Glu150 each simultaneously
coordinate two Mn+2 with m-1,1 or m-1,3 geometry (Dis-
mukes, 1996) in the syn configuration (Glusker et al.,
2001).
Comparison of the structures of Mn+2-bound X29 with
apo-X29 shows that the only significant changes in
structure accompanying Mn+2 binding are in the side
chains of the glutamates. Glu150 undergoes the largest
side chain reorientation in coordinating to two Mn+2
(Figure 4B); the other glutamate side chains show
smaller changes in side chain dihedral angles. The ob-
served change in orientation of the Glu150 side chain in-
duced by binding of an initial Mn+2, and its simultaneous
coordination of a second Mn+2, which in turn simulta-
neously coordinates a third Mn+2, suggest a cooperative
order for Mn+2 uptake through coordinate bridging of the
ligand carboxylates of Glu89 and Glu93 to subsequent
Mn+2. To test this hypothesis, the efficiency of X29 de-
capping of U8 snoRNA was determined as a function
of Mn+2 concentration in the range of 0–150 mM MnCl2.
The dependence of decapping efficiency on Mn+2 con-
centration is sigmoidal, indicating cooperativity in
Mn+2 binding (Figure 4C). A Hill plot of these data gives
a Kd of 38 mM and a Hill coefficient of n = 3 (Figure 4C,
inset), consistent with the presence of three coopera-
tively bound Mn+2 atoms, which are coordinately com-
plexed pairwise by protein carboxylates. One other Nu-
dix hydrolase, the diadenosine pyrophosphatase from
Bartonella bacilliformis, has been shown to take up
Mn+2 cooperatively with a Hill coefficient of 3 (Conyers
et al., 2000), but no crystal structure is yet available for
this enzyme.
Structure of X29 Complexes with m7GpppA
and pppG in the Presence of Mn+2
Structures were also determined for soaked complexes
of X29 with pppG (Figure 5) or m7GpppA (Figure 6) in
the presence of Mn+2 (Table 1). Electron density for the
pppG ligand in its complex is complete, but in the
m7GpppA complex, electron density for the adenine in
both subunits is weak at N1, C2, and N3 of the purine
rings, and there is incomplete electron density for the
m7G group on the surface. The pppG and m7GpppA li-
gands occupy identical sites in the two complexes, but
the occupancy of the latter is lower in monomer B than
in A. The triphosphate groups each coordinate with
three or four Mn+2 and make an ion pair with Arg63,
but there is a small difference in position of the terminalPg and its coordinated Mn
+2 in the pppG structure rela-
tive to that of m7GpppA.
The G and A rings of pppG and m7GpppA in their com-
plexes are buried in a crevice and differ in conformation,
the G of the pppG complex being anti and the A in the
m7GpppA complex syn. (The partial density for A in the
m7GpppA complex may reflect a mixture of the two con-
formations.) The G is hydrogen bonded through its pro-
tonated N1 to OE1 of Gln184, through its N2 amino
group to the amido OD1 of Asn180, through its O6 to
the peptide -NH- of Phe70 and through its N7 to a sol-
vent. In the m7GpppA structure, the A is hydrogen
bonded through its N6 amino group to OE1 of Gln184
and through its N7 to the amido -NH2- of Asn180.
His37 is coplanar with the G or A ring in both structures.
In the m7GpppA complex structure, there is incom-
plete electron density for the m7G ring in monomer A
and no electron density for it in monomer B. This group
is exposed to solvent, making very few protein contacts.
The only significant interactions of the m7G nucleoside
part of m7GpppA with the protein are through a bound
Mn+2 coordinated to O10 and O50 of the m7G ribose in
the A site (Figures 4B and 6) and with Phe49 of the oppo-
site monomer, which stacks on the nucleoside ribose.
The possible importance of this interaction is discussed
below.
The Mn+2 atoms in the pppG and m7GpppA com-
plexes of X29 range in coordination number from two
to five and are generally in a distorted tetrahedral geom-
etry. All but two of the inter-Mn+2 distances lie in the
range of 3–6 A˚ observed for other dimanganese proteins
(Glusker et al., 2001) (Table 2). In the B subunit of the
X29-m7GpppA complex, two inter-Mn+2 distances
(Mn305-Mn305*) and (Mn306-Mn306*) are exceptionally
short. This is very likely the result of conditional occu-
pancy of each of the two sites in each pair, and the oc-
cupancy of each of these pairs is probably correlated.
The structure of the pppG complex is similar to that of
the m7GpppA complex, except that one of the Mn+2
of the triad is displaced, apparently as a consequence
of the small movement of the terminal Pg of the pppG
ligand relative to the m7GpppA structure. This displaced
Mn+2 and the apparent alternate Mn+2 site(s) in mono-
mer B of the m7GpppA complex indicate that the Mn+2
positions are labile depending on the presence of ligand
in the active site and its identity and conformation. It is
also consistent with the broad distribution of Mn+2 posi-
tions in the structures of complexes soaked in the pres-
ence of m7G nucleot(s)ides (Figure 4A). However, the
Structure of an RNA Decapping Nudix Hydrolase
335Figure 4. Mn+2 Positions in X29 Structures
and Effects on X29 Decapping Activity
(A) Stereoview of a composite overlay of Mn+2
positions (balls) in the B subunit binding sites
of all structures determined with Mn+2 pres-
ent. Red, m7G; blue, m7GDP; yellow,
m7GTP; orange, pppG; green, m7GpppA.
Black stick model is pyrophosphate present
in m7GDP and m7GTP soaks.
(B) Subunit A active site of m7GpppA struc-
ture showing Glu150 side chain reorientation
in the presence of a bound Mn+2 (magenta),
which is coordinated to the m7G nucleoside
portion of the cap. Other Mn+2 are cyan.
Mn301, Mn302, and Mn303 (monomer A) are
the core triad centered on the Pb of
m7GpppA.
(C) Dependence of decapping activity on
[MnCl2] and the Hill plot (inset) derived from
this binding activity curve.inter-Mn+2 distances in the A subunit of the m7GpppA
complex structure and the observed occupancies are
consistent with the presence of the Mn+2 triad in a major-
ity of molecules in the crystal lattice (Table 2).
The Mn+2 triad plus the fourth Mn+2 in the A site of the
m7GpppA complex are liganded to the carboxylates of
Glu89, Glu93, and Glu150 and to the peptide carbonyl
of Gly72, as is observed in the structures of holo-X29
formed by soaking crystals with Mn+2 in the presence
of m7G nucleot(s)ides. These carboxylates form cross-
bridges among the Mn+2, which simultaneously make in-
ner sphere interactions with the oxygens of the Pa-Pb
pyrophosphoryl group of the pppG and m7GpppA
structures, and with pyrophosphate in the structures
of holo-X29 formed in the presence of m7GDP and
m7GTP (Table 2). While the structure of the Mn+2 triad
is most consistent with an initial binding of an Mn+2(Mn301 in A and Mn305 in B) to a reoriented Glu150
side chain carboxylate, followed by the two other Mn+2
of the triad, we cannot exclude the possibility that only
two sites in the triad are occupied cooperatively. In
this case, the Hill coefficient of 3 may reflect the uptake
of the fourth Mn+2 (Mn300, Mn304) outside of the triad,
which stabilizes the leaving group side of the substrate.
Studies are underway to address this question.
RNA Binding Site
A survey of other known dimeric Nudix hydrolase struc-
tures shows that X29 is unique in having a strong dipo-
larity of surface charge. It is likely that the positive face
of the X29 dimer is the dominant site of interaction of
the U8 snoRNA substrate. If we assume simultaneous
binding of RNA to each monomer of the dimer, a plausi-
ble path for the 50 terminal residues of each RNA
Structure
336Figure 5. Stereoview of Electron Density for pppG Bound in Active Site of X29
Stereoview of electron density (contoured at 1s) for pppG bound in the active site of X29. Electron density for some protein groups is omitted for
clarity. Orange balls are Mn+2 atoms.substrate can be extrapolated from the 30 oxygen of the
bound m7GpppA in its complex with X29 (yellow arrows
in Figure 3C). Each of these paths lies on the cationic
surface of one monomer and extends to a length that
could interact with at least five to six and as many as
eight to ten single-strand nucleotides of the RNA sub-
strate; because U8 has much secondary structure, the
actual number of interacting nucleotides may be higher.
Simultaneous binding of two RNA substrate molecules
on the cationic face would bring them into proximity
near the dyad axis, which would be electrostatically un-
favorable, but not impossible. A stoichiometry of one U8
snoRNA per dimer is equally plausible, in which case the
path of the RNA could extend across the two subunits.
The stoichiometry of this complex in solution is the sub-
ject of ongoing experiments. The requirement for a min-
imal size/structure RNA substrate for efficient RNA bind-
ing to X29 indicates that the RNA makes an extended
interaction with the X29 50 terminus or that it has a spe-
cific higher order structure requiring distal interactions
extending beyond the five to ten residues at the 50 termi-
nus (Ghosh et al., 2004; Tomasevic and Peculis, 1999).Discussion
Mechanism of Cap Hydrolysis
The low level of sequence similarity among Nudix en-
zymes is consistent with the broad range of substrate
specificities and variable number and identity of divalent
metal ions observed in this enzyme family. This diversity
further suggests there will be variations in the details of
Nudix mechanisms. All Nudix mechanisms appear to in-
volve nucleophilic substitution, most frequently but not
exclusively at a phosphorus, and most require more
than one divalent metal ion. These metal ions, in concert
with a general base, play the essential roles of stabilizing
the anionic substrate in its transition state and activating
a water molecule to a nucleophilic species, which in the
case of phosphate hydrolysis, axially attacks the phos-
phorus atom to form the pentacovalent trigonal bipyra-
mid transition state (Lin et al., 1997). A metal, or other
cationic group, is usually present at the active site to sta-
bilize the leaving group of the reaction.
The structure of the m7GpppA complex suggests
a mechanism for the cleavage reaction mediated byFigure 6. Stereoview of Bound m7GpppA in Site A of the X29 Dimer
The coordination of the four Mn+2 atoms is shown with the electron density for the Mn+2 from the anomalous difference map contoured at 8s.
Coordination interactions of the Mn+2 triad and the target phosphoryl group are shown by black lines.
Structure of an RNA Decapping Nudix Hydrolase
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338X29. The constellation of Mn+2 atoms in the active site of
monomer A (Figure 6) presents a triad of Mn+2 juxta-
posed to three oxygens of the Pb phosphoryl group of
the m7GpppA. This interaction occurs on the accessible
face toward which inline attack of a nucleophile on Pb
would occur in cleaving the Pb-Pa pyrophosphoryl link-
age to release 50-phosphoryl RNA as the leaving group.
This triad could serve to both activate solvent to a nucle-
ophile and also stabilize the trigonal pentacovalent tran-
sition state of the reaction. The fourth Mn+2 bridges the
Pb-Pa scissile bond and could stabilize both the transi-
tion state and the 50-Pa-phosphoryl-RNA leaving group.
Alternatively, the same products (m7GDP and 50-Pa-
phosphoryl-RNA) could be formed through nucleophilic
attack on Pa of the m
7GpppA. However, the structure of
the m7GpppA complex with X29 argues against this lat-
ter mechanism for several reasons. The conformation
around the Pb-Pa pyrophosphoryl group of the
m7GpppA provides no access for inline attack on Pa
by a nucleophile. Also, only one of the oxygens of the
Pa phosphoryl group is coordinated to an Mn
+2, and
only this same single Mn+2 is close enough and in posi-
tion to activate a water for attack on Pa. In contrast, the
Mn+2 triad in monomer A provides three Mn+2 for nucle-
ophile activation and transition state stabilization on an
accessible face of the Pb phosphoryl group, consistent
with inline attack as hypothesized for other nucleases.
The fourth Mn+2 in each subunit (which is the same
one noted above as a candidate to activate solvent for
nucleophilic attack on Pa) bridges the Pb-Pa phosphoryl
group, resembling bimetallic nucleases in which a metal
is hypothesized to bridge the scissile bond, stabilizing
charge accumulation in the transition state and in the
leaving group (Steitz and Steitz, 1993).
We suggest that the Mn+2 triad observed in X29 serves
four functions: activation of a water molecule for nucleo-
philic attack on Pb; stabilization of the negative charge
developed on the phosphoryl oxygens in the transition
state; stabilization of the 50-phosphorylated RNA leaving
group; and stabilization of the triphosphate group in
a conformation susceptible to nucleophilic attack (Fig-
ures 6 and 7B). In the A site of X29, Mn302 and Mn303
have the lowest coordination numbers (2 and 3) and
could function in concert to activate a water molecule
to hydroxide nucleophile, as is postulated for bimetal en-
zymes. On the other hand, it is possible that the highly
electropositive center created by the Mn+2 triad provides
a gate which further activates hydroxide ion to a nucleo-
philic oxide, a possibility that has been proposed for a bi-
metal center (Williams et al., 1999). The combination of
two or three metal electrophiles should facilitate depro-
tonation of a shared solvent (Aubert et al., 2004) relative
to only one metal, but will also diminish the nucleophilic-
ity of the resultant coordinated nucleophile (Williams
et al., 1999). Both of these effects would be amplified
in a trinuclear Mn+2 active site like that observed in the
X29-m7GpppA complex, but would be modulated by
the interactions of the oxygens of the target phosphoryl
group as the transition state is approached.
The stability of the m7GpppA complex in the crystal
may be a consequence of the incubation pH of 7.68,
which is lower than the pH optimum for X29 decapping
(8.0–9.0) (B.A.P., unpublished data) and lower than the
pKa of a putative hydroxyl group. The high Mn+2 con-centration used in the crystal complex structure could
also retard cleavage of the bound m7GpppA, as the
Mn+2 concentration dependence of the decapping reac-
tion shows a dropoff in activity at increasing Mn+2 con-
centrations below those used in the crystal complex.
The requirement for a substantial part of the U8 snoRNA
in order to observe gel shifts with X29 (Ghosh et al.,
2004) suggests the possibility that subtle changes in
structure of the RNA substrate or the enzyme are neces-
sary for cap cleavage to occur.
A Role for RNA Substrate in Activating Apo-X29
to Holo-Enzyme
The binding of Mn+2 to apo-X29 only in the presence of
nucleot(s)ide suggests that substrate ribonucleotide
binding may be required for metal binding to form active
holo-X29. Nucleotides bind Mn+2 and Mg+2 with high af-
finity, primarily through interactions with phosphoryl
groups, and U8 snoRNA could carry metals as counter-
ions into the active site of X29 upon binding. X29 crystals
soaked with Mn+2 plus m7GDP, m7GTP, or m7G bind the
Mn+2 but without binding of the nucleot(s)ide. In the
cases of the nucleotide soaks, the presence of pyro-
phosphate impurity competes with the nucleotide for
coordination to bound Mn+2 and may stabilize the bound
Mn+2. Also, some of the Mn+2 positions for these com-
plexes deviate significantly from those observed in the
X29-m7GpppA complex structure and may not permit
coordination to bound m7G nucleotide in its lowest en-
ergy conformation. These two effects, plus the paucity
of interactions of the m7G group with the protein, imply
diminished affinity of the m7G nucleotides for X29 and
account for their absence in the electron density maps.
In the case of m7G-promoted binding of Mn+2, there is
no pyrophosphate impurity and no anionic character to
the nucleoside to account for Mn+2 binding. Neverthe-
less, the structure of the m7GpppA + Mn+2 complex
shows how even the m7G nucleoside alone could deliver
Mn+2 to the active site of X29. One Mn+2 in the A subunit
active site of the m7GpppA + Mn+2 complex is coordi-
nated to the O10 and O50 of the m7G nucleoside
(Figure 4B). This coordination may provide sufficient af-
finity of Mn+2 for m7G, even in the absence of anionic
phosphoryl groups, to permit transfer of the Mn+2 to
the enzyme. As in the cases of the m7G nucleotides,
the only interaction of the m7G nucleoside group is
through stacking of Phe49 on the ligand ribose
(Figure 4B), which is unlikely to be sufficient to retain
the nucleot(s)ide in the active site. In the structure of
the m7GpppA-X29 complex, the ligand and Mn+2 are co-
ordinately bound to each other and to the protein in
a conformation that is susceptible to catalysis. This ex-
tended configuration of interactions is missing in m7G
nucleot(s)ide soaks, and would lead to dissociation of
the low-affinity carrier nucleot(s)ides on delivery of the
high-affinity Mn+2 atoms.
Substrate Specificity and Mn+2 Binding to X29
The pppG and m7GpppA complex structures show that
most of the interactions of the cap moiety with X29 (Fig-
ures 5, 6, and 7A) occur through the pppA/G part of the
substrate. The adenine or guanine ring lies in a crevice
where it makes several hydrogen bond interactions.
Comparison of the pppG complex with that for
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339Figure 7. Ligplot Diagram of m7GpppA
Bound to the A Site of X29 and Hypothesized
Mechanism for X29
(A) Coordination of the four Mn+2 atoms and
hydrogen bond interactions of m7GpppA are
both shown as green dashed lines; hydro-
phobic interactions of m7GpppA with protein
ligands are shown by radiating arcs.
(B) The water molecule (or hydroxide anion)
(left) is shown activated by two of the Mn+2
in the triad, and the side chain carboxylate
of either Glu92 or Asp146 acts as proton ac-
ceptor. The resulting hydroxyl or oxide nucle-
ophile axially attacks the Pb to form the pen-
tacovalent trigonal bipyramid transition
state. This transition state breaks down by
cleavage of the distal axial Pb-O bond. The
leaving group Pa-A. is stabilized by an ion
pair to Arg63 and coordination to the fourth
Mn+2.m7GpppA shows that G makes four hydrogen bond in-
teractions with the protein whereas A makes only two,
suggesting that X29 may discriminate in favor of G at
this position. It is possible that the syn conformation of
A is an artifact of the abbreviated cap group used in
this study, but an A modeled in the anti conformation
makes even fewer hydrogen bond interactions with the
protein than the syn. The in vitro transcribed RNAs
used in our decapping assays have an m7GpppG capdefined by the DNA template. However, the genomic se-
quence of functional U8 snoRNA genes indicates there
may be an in vivo m7GpppA form of U8 snoRNA (Peculis
et al., 2001). For technical reasons, we have not tested
whether X29 can decap an m7GpppA form of U8
snoRNA in vitro.
Four of the six hydrogen bonds between the protein
and A or G nucleobase in the cap are made by Gln184
and Asn180 side chains. The amido groups of these
Structure
340two side chains are inferred to be flipped in the two
structures to accommodate the alternative proton do-
nors and acceptors on the A and G. These protein side
chain determinants of substrate specificity are bifunc-
tional and would not contribute to discrimination. From
our two different complex structures, it is clear that ei-
ther of these bases at this position can bind to X29,
and the small difference in inferred affinity may reflect bi-
ological determinants, such as the relative abundance of
different RNA substrates.
The m7G and the ribose of A or G make few if any in-
teractions with the X29 protein. This is consistent with
the binding of uncapped U8 snoRNA to X29 (Ghosh
et al., 2004) and implies that the m7G makes little contri-
bution to substrate binding or specificity. Similarly, pu-
tative methylation of the ribose 20 hydroxyl groups of
the A or G in vivo would have no effect on substrate
binding, as this site makes no contact with X29 and is
facing solvent.
As noted above, the configuration of Mn+2 atoms in
the X29 active site that coordinate with the triphosphoryl
group of the cap define a unique conformation for this
polyanionic part of the substrate. This conformation
sets up the target Pb for axial nucleophilic attack from
the side where the Mn+2 triad lies. The requirement for
this conformation along with the negligible contribution
of the m7G and the dominant contribution of the base on
the 30 side of the cap group can explain the paradoxical
binding of pyrophosphate impurity rather than the more
abundant nucleotides in the m7GDP and m7GTP soaks.
In the absence of the constraining effects of the bound A
(or G), the phosphoryl groups of the m7GDP and m7GTP
nucleotides may not be in a favorable conformation for
binding to X29 through coordination to the Mn+2 atoms.
In contrast, the bound pyrophosphate exactly super-
poses on the Pa-Pb pyrophosphoryl groups of the
m7GpppA ligand and coordinates with several Mn+2
with almost identical geometry. This would stabilize
the binding of these Mn+2 and explain the variability in
the positions of the other Mn+2.
The model of substrate-induced binding of metal co-
factor to X29 may also confer other changes on the ac-
tive site of X29 that are not visible from the crystal struc-
tures. The exceptionally dense cluster of carboxylate
groups in the active site of apo-X29 may be stabilized
by local hydration and is likely to have carboxylates
with pKs perturbed to higher values. Binding of RNA
substrate ligand carrying Mn+2 (or Mg+2) may release
bound solvent and lower the pKs of the carboxylate
groups, thereby favoring binding of the metal presented
on the ribonucleotide substrate. The observed changes
in side chain orientation and the hypothesized changes
in protonation state could account for the variability in
position of the Mn+2 atoms in the active sites of X29
complexes with incomplete substrates and would sup-
port the notion that the substrate plays a role in impos-
ing the correct catalytic and binding configuration on the
active site metals and their ligands.
The variable distribution and number of metal sites
may also be a consequence of the high concentrations
(relative to in vivo levels) of Mn+2 used in our soaks
and/or to the use of small nucleot(s)ide ligands rather
than a larger RNA. The concentrations of Mn+2 used in
our crystal soaking experiments are at least 100-foldhigher than both the cellular concentrations of Mn+2
(Ash and Schramm, 1982) and the Kd determined from
our Hill plot. These Mn+2 concentrations could lead to
occupancy of lower affinity sites in the crystal soaks,
for which no concentration dependence on Mn+2 was
determined. The requirement for a nucleot(s)ide to ob-
serve Mn+2 binding in crystal soaking experiments
makes comparison of our crystal conditions to the cellu-
lar concentrations problematic, because nucleot(s)ide
concentration may be limiting. The Kd for Mn
+2 binding
in solution lies in the physiological range, but the higher
in vivo concentrations of Mg+2 and its known specific as-
sociation with RNA favor it as the metal cofactor of X29
in vivo.
Relationship to Other Cap Binding Proteins
and In Vivo Function of X29
Like X29, the yeast (Dunckley and Parker, 1999) and hu-
man (Wang et al., 2002) mRNA decapping enzymes also
have characteristic Nudix domain sequences. The re-
cently determined crystal structure of yeast Dcp2p
(She et al., 2006) confirmed that this domain has the Nu-
dix fold. Available structures of other cap binding pro-
teins show that the m7G group binds in a well-defined
site and makes interactions with the protein that define
a specificity for the cap component of the substrate (Ca-
lero et al., 2002; Chen et al., 2005; Fabrega et al., 2004;
Gu et al., 2004; Worch et al., 2005). The surprising lack
of interactions between X29 and the m7G nucleobase
of the cap distinguishes it from these other cap binding
proteins and is consistent with the failure of m7GpppA or
pppG to compete with capped RNA in the decapping re-
action (B.A.P., unpublished data). X29 may have evolved
different specificities from other cap recognition pro-
teins to exclude interactions with m7G and thereby pre-
vent recognition and decapping of noncognate sub-
strate RNAs. Such negative discrimination would
impose selective restraints that may have led to the evo-
lution of stronger specificity for other parts of the U8
snoRNA substrate distal to the 50 terminus. The failure
of truncated forms of U8 snoRNA consisting of the 50
40-nucleotide fragment or the 30 100-nucleotide frag-
ment to compete effectively for binding to X29 against
full-length U8 snoRNA indicates that higher order struc-
ture or multiple recognition sites in the sequence confer
specificity and affinity on the X29-U8 snoRNA interac-
tion.
We hypothesize that X29 is a negative regulator of cel-
lular levels of U8 snoRNA and is itself regulated by prod-
uct inhibition in its reaction. In our postulated mecha-
nism, although the decapped U8 snoRNA product is
the ‘‘leaving’’ group, it will very likely remain bound to
the protein. In contrast, the weakly bound m7GDP cap
product is likely to dissociate, possibly carrying away
the bound Mn+2 triad, leaving an uncapped U8 snoRNA-
apo-X29 product complex (Figure 7B). This reaction
pathway is consistent with the observation that uncap-
ped U8 snoRNA binds to X29, even in the absence of
added metal.
If cellular X29 is primarily bound as a product com-
plex, then X29 may function both as a biosensor of U8
levels and as an enzyme. Our current solution assay
for X29 decapping of U8 is a single turnover experiment,
which does not permit us to infer affinity or kinetic
Structure of an RNA Decapping Nudix Hydrolase
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342constants for the decapping reaction. In vivo, the rela-
tive cellular concentrations of X29 and U8 snoRNA (cap-
ped and uncapped) will determine the levels of apo-,
holo-, and product-inhibited forms of X29 and of U8
snoRNA and their complexes. Interactions of X29 with
other cellular components, particularly those in the U8
snoRNP, are likely to play roles in the turnover and recy-
cling of X29 and/or U8 snoRNA.
Experimental Procedures
Crystallization and Soaked Complexes
Crystals of recombinant X29 in both the native and cysteine-alky-
lated (by treatment with iodoacetamide) forms were prepared as de-
scribed (Peculis et al., 2004). The native X29 structure, heavy atom
soaks, and complexes of X29 with m7GpppA were determined
from unalkylated crystals; soaks with MnCl2 and other nucleot(s)ides
were done with alkylated X29 crystals. Both forms have equivalent
activity in decapping and gel shift assays. Electron density for the
carboxamido group was visible on Cys120 and Cys174 in some
cases, but apparently disordered in others. Heavy atom soaks
were done in the same artificial supernatant as described, but with
Tris substituted for HEPES buffer. Soaks with methylmercury chlo-
ride (CH3HgCl) and platinum ethylenediamine (PtEnNH2) were
done by preparing a saturated solution of the heavy atom com-
pound, spinning out solid, and diluting the supernatant 1:5 into arti-
ficial supernatant. Soak with lead chloride (PbCl2) was done in 5 mM
solution. Ligand complexes of nucleot(s)ides with MnCl2 were
formed by soaking native X29 crystals in supernatants that were
10 mM HEPES (pH 7.7), 3.75% PEG 6000. Soaks of m7G, m7GDP,
and m7GTP (Sigma) with MnCl2 were done at concentrations of 5
or 10 mM MnCl2 and 5 mM nucleot(s)ide overnight. Soaks of pppG
(Sigma) and m7GpppA (New England Biolabs) were done at 1 mM
nucleotide and 2 mM MnCl2 overnight. Analysis for pyrophosphate
was done with the PiPer assay kit (Molecular Probes).
Data Collection and Processing
Crystals were cryoprotected in their soak solution with glycerol in-
cremented in 5% (v/v) steps with 10 min equilibration to a final glyc-
erol concentration of 30%. Data were measured on flash-cooled
crystals on either an RAxisII or RAxisIV image plate diffractometer
(Molecular Structure Corporation) with Osmics optics at 40 kv and
20 ma. Full anomalous data sets were collected for the PtEnNH2
and PbCl2 heavy atom soaks and for all crystals soaked in MnCl2 ex-
cept m7GTP + Mn+2. Data were processed with MOSFLM (Leslie,
1992) or D*Trek (Pflugrath, 1999) and scaled with SCALA or D*Trek
(Table 3).
Phasing, Model Building, and Refinement
Heavy atom sites were determined with SOLVE (Terwilliger and
Berendzen, 1999), the derivatives having phasing powers: CH3HgCl,
1.32; PtEnNH2, 0.65; PbCl2, 0.67 (1.72 anomalous). Phases (figure of
merit = 0.48) were obtained with SHARP (de la Fortelle and Bricogne,
1991). Initial phases were improved by density modification with sol-
vent flipping (Abrahams, 1997) as implemented in SOLVE.
For the apo-X29 structure, an initial model was obtained via auto-
mated tracing with ARP/WARP (Perrakis et al., 1999) and subse-
quently refined via alternating cycles of manual rebuilding into Sig-
maA-corrected 2Fo 2 Fc electron density maps with Xfit (McRee,
1999) and computational refinement in CNS (Brunger et al., 1998)
and REFMAC5 (Murshudov et al., 1999). For all of the X29 complex
structures, soaked crystals were isomorphous with the apo-X29 na-
tive crystals and their structures were determined by molecular re-
placement with the refined apo-X29 structure as initial model. This
initial model was refined via rigid body refinement in CNS followed
by alternating cycles of manual rebuilding in Xfit or O (Kleywegt
and Jones, 1997). For the lower resolution structures, noncrystallo-
graphic symmetry restraints were imposed between structurally
conserved regions of the two monomers in the asymmetric unit dur-
ing simulated annealing in CNS. Manganese ions were placed based
on peaks in anomalous difference Fourier maps, except for the
m7GTP + Mn+2, where they were identified by occupancy and coor-
dination. Occupancies for manganese ions were set initially basedon the intensities of peaks in anomalous difference Fourier maps.
In the refined structures, these occupancies were adjusted to
make isotropic B factors for the bound manganese ions comparable
to the B factors for their ligands and to minimize significant (63s)
peaks in mFo 2 dFc difference Fourier maps (Table 3). Surface
charge distributions were done by numerical solution of the Pois-
son-Boltzmann equation with the program DELPHI as implemented
in the INSIGHT 2000 package (Accelrys, San Diego, CA). In this cal-
culation the protein formal charge set, which corresponds to unit
charges on Lys, Arg, Glu, and Asp residues, was used. Figures
were rendered with RIBBONS (Carson, 1997) and LIGPLOT (Wallace
et al., 1995).
Decapping Assay
Approximately 0.1 pmol cap-labeled U8 RNA (Ghosh et al., 2004)
was incubated with 45 mM Tris (pH 8.5), 1.2 pmol X29 protein, and
varying concentrations of MnCl2 from 10 to 150 mM in 10 mM incre-
ments. The reaction was incubated for 30 min at 37ºC, spotted on
a PEI TLC plate (Roche), and developed in 0.75 M LiCl2 and 1 M for-
mic acid. After developing, the plate was dried and exposed to a Fuji
phosphorimage plate for quantitation. The percent decapping was
quantitated from the number of counts of m7GDP/total counts per
lane. Under these conditions, 100 mM yielded 100% decapping of in-
put U8 snoRNA.
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complexes of X29 have been deposited with the RCSB with the fol-
lowing accession numbers: apo-X29 1U20; m7G + Mn+2 2A8P;
m7GDP + Mn+2 2A8Q; m7GTP + Mn+2 2A8R; pppG + Mn+2 2A8S;
and m7GpppA + Mn+2 2A8T.
